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TRANSIENT HEATING EFFECTS ON THE BENDING STRENGTH
OF INTEGRAL. ATLUMINUM-ALIOY BOX EEAMS

By Richerd A. Pride and John B. Hsall, Jr.
STMMARY

Twenty-five square-tube beams made of alumlnum alloy were tested
to failure under various combinations of bending moment and trensient
heating. Two types of heat input were used so that the effect of thermal
stresses could be separsted from effects of material properties. Two
sizes of square tubes were tested so that both elastic and plastic buckling
stresses would be obtained.

Good agreement was found between the buckling loads determined experi-
mentally for both types of heat Input and local buckling loads calculated
according to a theory that incorporates the effects of material properties
and thermsl stress in both the elastic- and the plastic-stress ranges. A
marked reduction in buckling strength was observed as a result of thermsal
stress.

Failure of the compression side of the beam occurred in all tests.
The meximum loads when plotted as a function of tempersture sppeared as
a single scatter band for both types of heat inputs and correlated well
with the loads calculated by a maximum-strength theory based solely on
material properties without consideration of thermal stresses. These
results indicete that thermal stresses which influence the magnitude of
the buckling load are largely alleviated in the interval between local
buckling and maximum load.

This limited study indicates that both local buckling and maximum
bending strength appear to be essentially independent of the sequence

of loading and heating.
INTRODUCTION

The short-time static strength of composite structures, such as
multiweb box beams, cen generslly be calculasted satisfactorily at con-
stant elevated temperatures. Equations for predicting both buckling
end meximum strength at room temperature can be adspted to elevated
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temperatures by using material properties obtained from stress-straln
curves for the sppropriate temperature and exposure time. However, under
trensient heating, thermal stresses usually develop so that steady-state
methods for predicting buckling and meximum strength may require modifi-
cation in order to combine the effects of thermal stress and load stress
in both the elastlc- and the plastic-stress ranges. To date, most of
the theoretical treatments for predicting combined thermal and load
stresses have dealt with elastic conditions and only a few have consid-
ered nonlinear combinations of either elastic or plastic stresses. An
approximete method for combining thermsl and load stresses which produce
buckling in box beams was given in reference 1 with two verifying tests,
and further substantiation was obtained experimentally in reference 2.

The purpose of the present investigation was to determine the inter-
asction effects of externsl loasding and rapid nonuniform or uniform hesting
on both buckling and the compressive failure of box beams. Nonuniform
heating can produce large thermal stresses, whereas unlform heating gen-
erally produces negligible thermel stresses. In the present investiga-
tion the test specimens were integral square tubes snd represented an
idealization of the load-carrying portion of an slrplane or misslle wing.
BEquations for buckling and maximum bending strength are derived and the
calculated results are compared with the experimental data.

Some of the material presented herein was originally included in a
thesis submitted to the Virginia Polytechnic Institute by Richard A. Pride
in partisl fulfillment of the requirements for a Master of Science Degree
in Applied Mechanics.

SYMBOLS
A cross-sectional ares, sq in.
b plate width, in.
c distance from neutral axis of beam to center of skin, in.
E Young's modulus, ksi
Eg secant modulus for skin, ksi
Ey secant modulus for web, ksi
I moment of inertis, in.J+
k plate buckling coefficient
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M bending moment, in-kips
T

tempersture, °F

T everage temperature, °F

t plate thickness, in.

a coefficient of thermsl expansion, per °F
€ strain associated with stress

€ total strain associated with stress end thermal expansion
1 plasticity reduction factor

B Poisson's ratio

a stress, ksi

Subscripts:

B bending

cr critical

cy 0.2-percent-offset compressive yield

t fallure
o initial
S skin

W web

EXPERIMENTAT, INVESTIGATION

The test specimens used in the present investigation coneisted of
25 drawn square tubes, 8 feet long, of 2014-T6 aluminum alloy. Twelve
of the specimens were 5.00 inches square with a wall thickness of
0.154 inch and 13 specimens were T.50 inches square with a wall thickness
of 0.152 inch. These beam specimens were selected so that the 5.00-inch-
square tubes would buckle at a stress slightly greater than the propor-
tional 1imit of the material when the beams were subjected to a pure
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bending moment at room temperature, whereas the larger beams were chosen so v o
that they would buckle at less than one-half the proportional limit stress. -

Each beam was tested in such a menner that a pure bending moment was -
applied over the central 28 inches of the beam, with or without the pres-
ence of externsl heating. (See fig. 1.) Two tests, one for each size
beam, were made without heating; in these tests, the moment was increased
until buckling and then failure occurred. In the other tests, 13 of the
beams were heated repldly to a predetermined tempersture level and then
loaded to buckling and failure, and 10 of the beams were loaded to & pre-
determined bending moment and then hested rapidly until buckling and then
failure occurred. :

Two kinds of heat input were used for the 23 tests involving external
heating. In 14 tests the tension and compression skins of the beams were _
heated at & rate of approximately 50 Bt37?sec)(sq ft) (equivalent to a
temperature rise of 100° F per second) while the webs were shielded from
heating in order to produce large thermal stresses; hereafter, this type
of heating is referred to as skin heating. In 9 tests all four sides of
the bBeams were heated so that negligible thermal stresses resulted; here-
after, this type of heating 1s referred to as umiform hesting. Tempera-
tures were measured by iron-constantan thermocouples, strains in the
unhested webs were measured by Baldwin SR-U4 type A-9 wire strain gages,
end deflections were measured with linear variable differential trans-
former gages. Strain end deflection records were used to determine when ¥
buckling occurred in the tests in which skin heating was used, but only
deflection records could be used in the tests in which uniform heating
was used because strain gages were not attached. Additional instrumenta- _ o
tion details are glven in appendix A. :

Tensile tests were performed under constent loed with rapid heating
on material coupons to obtain informstion on material properties for use
in evaluation of the beam tests. The details on material properties are
discussed in appendix B. ) '

RESULTS AND DISCUSSION

Temperature Distributions

Prior to the tests with combined heating and loading, a preliminary
investigation was made to determine the temperature dilstribution resulting
from both skin heating and uniform heating. Results typlcal of these ~
tests are partially illustrated in figure 2 which shows that longitudinally
the temperatures dropped off considersbly neer the ends of the test sec-
tion but that the temperatures were nearly uniform in the central third .
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of this section. BHence buckling and failure could be expected to occur
in this central region; therefore, further discussion of temperature
effects, such as the cross-sectional temperature distributlons produced
by both types of heating, is restricted to this area.

For the skin heated beams, typical cross-sectional temperature
results are shown in figure 3 for the 5.00-inch-square tubes and in fig-
ure 4 for the T7.50-inch-square tubes. The temperstures in only one quad-
rant are shown because similar results were obitalned for the other guad-
rants. Because of the side reflectors used in these tests, a fairly
uniform heating was applied to the skins; consequently, the drop in tem-
perature in the skin near the web Junction indicates primarily the effects
of conduction into the hest sink afforded by the unheated web. The tem-
perature distributions shown (figs. 3 and 4), wherein a portion of the
skin hes been heated to slightly above 500° F and psrt of the web has
remained at a temperature of less than 100° F, result in peak thermsl
stresses of about 30 ksl in the central portion of both the skins and
webs. The approximated average temperstures for the skin and web, 1llus-
trated by the dashed lines in figures 3 and 4, were determined as
explained in eppendix C.

For the uniformly heated beams, typical cross-sectional temperature
results for the 5.00- and T.50-inch-square-tube beams are shown in fig-
ures 5 and 6, respectively. The average temperatures, indicated by the
dashed lines, were obtained by aversging all available temperatures.
(See appendix C.) Deviations from averasge temperastures were 16 percent
of average temperature for the 5.00-Iinch-squere tubes and 10 percent
for the T.50-inch-square tubes.

Buckling

A comparison between the experimental and calculated external moments
required to produce local buckling for both uniformly heated and skin
heated beams 1s shown in figure 7. The experimental bending moment which
produced local buckling is plotted esgaeinst the average skin temperature
for the 5.00-inch-square tubes in filgure 7(a) and for the 7T7.50-inch-square
tubes in figure T(b). The experimental buckling moments and temperatures
are given in table I, and the method used for the determination of experi-
mental buckling from the strain and deflection records is discussed in
appendix C. The buckling-moment curves shown in figure 7 for both uni-
formly heated and skin heated beams were obtained by calculating a
buckling stress for the skin, by means of relations which are defined sub-
sequently, and then substituting this buckling stress into the elementary

ol

beam-bending formule M = =
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The moment calculated in this menner is rigorous for elastic buckling,
such as occurred, for example, in the 7.50-inch-square tubes. For the
5.00-inch-square tubes the buckling stress for the cover was predicted to
be in the plastic-stress range, and use of this expression to determine
buckling moment gives conservative results because a linear stress dis-
tribution is assumed in the webs. The magnitude of the plastic strain
developed in the 5.00-inch-square tubes &t buckling was small, and the
use of the elementary beam formula is therefore considered to be satis-
factory in this case.

For uniform heeting, the skin buckling stress was predicted from
the following plate-buckling equation:

2 2
12(1 - 12)\P
where 1 =1 1In the elastic-stress range and 1 = %?- in the plastic-
stress range. Compression stress was taken as negative, and the value
of k was taken to be 5.32. (See appendix C.) The predicted buckling
moments obtained with the buckling stress calculated from equation (1)
are shown in figure T to be In satisfactory agreement with the test
results except for two test points shown in figure T(b) (beams 14 and 18
in table I) which are higher than the calculated buckling moments. Some
of this disagreement between experimental and calculated results may be
attributed to the difficulty experlenced in estimating the experimental
buckling moment from the test records as described in appendix C.

For symmetrical skin heating, the magnitude of the load stress that
can be superimposed on the thermal stress to produce buckling of the com-

pression skin is given by the following equation:

O‘Es@s - Ew) (2)
Eghg
Enghy

UB = GCI‘ +

1+

where Oqp 18 the buckling stress given by equation (1) and the last

term (see sppendix C) defines the thermal stress in the skin. Equa-
tion (2) is appliceble in either the elastic- or plastic-stress ranges.
In deriving equation (2), o was assumed to vary linearly from 12.5 x 10-6
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at 80° F to 13.7 X 10‘6 at 600° F. This varistion of « with tempera-
ture is comparsble to the values given in reference 3.

The lower curves in figures T(a) and T7(b) were calculated by substi-
tuting op from equation (2) into the moment expression. The predicted

buckling moments are in satisfactory asgreement with the results of the
tests in which skin hesting was used in both the elastic- and the plastic-
stress ranges. No discernible effects of the sequence of loading and
heating are evident.

It thus eppears that the magnitude of the externally applied moment
required to produce local buckling of beams with integral webs can be
predicted at elevated temperatures in both the elastic- and plastic-stress
ranges. The calculated buckling moment is in satisfactory agreement with
test results for either uniform heating where no sppreclable thermal
stresses are developed or for skin heating where significant thermal
stresses are produced.

Failure

The failure moments and temperatures given in teble I were experi-
mentelly determined from the test records at the instant when an abrupt
increase in beam deflection occurred, followed by almost instantaneous
collepse of the beam. Determination of failure was facilitated by the
autogrephic recording of the output from the transformer deflection gages.
(See sppendix A.) Fallures occurred in all the beams in the compression
skin in a localized region near the center. Visual examination of the
specimens after failure indicated that one buckle of a series of four or
five in the compression skin developed excessive distortions and the beam
was unable to sustain the applied load in the region of the excessively
distorted buckle.

A comparison of the failure moments experimentally determined with
those calculated is shown in figure 8. The lower curves in figures &(a)
and 8(b) are calculsted failure moments for the umiformly heated beams.
These curves were established from the following equation (for the deriva-
tion of this equation, see appendix C):

Mg = 1.8k \[Bgoeyte®oy + 0.4000cyby by (3)

The first term on the right-hand side of this equation defines the moment
carried by the compression skin and the last term, the moment carried by
the webs. In this last term a partially plastic stress distribution for
the web is assumed. The lower curves are in good agreement with the test
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results for the uniformly heated beams in figure 8(a), and they are in
only fair sgreement with the test results for the uwniformly heated beams

in figure 8(b).

The upper curves in figures 8(a) and 8(b) for the tests in which
skin heating was used were also obtained from equation (3) by using
meterial properties corresponding to the average temperature of the
heated skin in the first term on the right-hand side of the equation and
properties corresponding to the average temperature of the unheated webs
in the last term. These calculations give a somewhat higher faillure
moment than would be obtalned if the moment carried by the webs were
determined by teking incremental ereas of the web and determining the
moment for each incrementel area at its eppropriate temperature. These
calculations of failure moment for skin heating neglect the presence of
thermal stresses at meximum load. Since the predilicted moments are in
satisfactory agreement wilth the experimental results, it appears that
thermal stresses were almost entirely alleviated in the interval between
local buckling and fallure regardless of whether buckling occurred in
the elastic- or the plastic-stress range of the materisl.

Note that the test results for the failure moment for both uniformly
and skin heated beams appear as a single scatter band in figure 8 in con-
trast with the results obtained for buckling (fig. 7) which fall into two
distinet groups. A slight effect of sequence of loading and heating on
failure can be noted for the 5.00-inch-square tubes in figure 8(a). The
test points for specimens heated and then loaded sppeear to fall slightly
below the corresponding test polnts for specimens loaded and then heated.
A similar effect is not apparent for the T.50-inch-square tubes in fig-

ure 8(b).

The results of this study Indicate that the maximum strength of the
beams can be predicted satisfactorily solely on the basis of material
properties and without consideration of thermal stresses. Therefore, it
gppeexrs reasonable to assume that similer results would be obtained for
other heating rates and beam proportions. For lower heating rates or for
beams which contain less web material with respect to the cover skiuns,
smaller skin thermal stresses would be developed than were obtained in
this study. Smaller thermal stresses would not be expected to influence
the maximum bending strength. Heating rates higher than those used in
the present study could produce less than a 15-percent increase in thermal
stress for any given skin temperature because en infinite heating rate
would produce only a 15 percent greater difference between the skin and
web temperatures. This small increase in thermal stresses would again be
expected to have only a negliglble effect on the maximum bending strength
of the beams.
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CONCLUDING REMARKS

Twenty-five square-tube beams were tested under various combinations
of bending load and symmetrical heating at skin temperature rates of sbout
100° F per second. Two types of radiant heat input were used; inputs.
which heated all four sides uniformly produced temperature without thermal
stress, and inputs which heated only the compression and tension skins
produced both temperature and thermal stress. Two sizes of square tubes
were tested so that buckling stresses were elastic for one size and plastic
for the other size.

Tocal buckling of the skin of these beams occurred in every test and
the results are divided into two categories for each of the two beam pro-
portions: buckling without sppreciable thermal stress occurred with the
buckling stress dependent only on the elevated-temperature properties of
the materisl both in the elastic- and the plastic-stress ranges, and buck-
ling under heating conditions that produced significant thermal stress
occurred with the buckling stress dependent on the induced thermsal stres-
ses as well as on elevated-temperature properties of the material.

Good agreement was shown between the buckling loads experimentally
determined and those calculated by & theory incorporating material prop-
erties and thermal stress 1n both the elastic- and the plastic-stress

renges.

Failure of the compression cover of the beams occurred in all tests.
For both types of heat input, the maximum bending strength, when plotted
against average skin temperature, appears as & single scabter band for
each beam proportion. Maximum bending strength predicted solely on the
basis of material properties showédd good correlation with the test results;
this correlation indicates that thermsl stresses were largely alleviated
in the interval between locel buckling and failure.

The influence of sequence of loading and heating was practically
negligible on buckling strength and smell at failure for besms at the
high plastic-stress level. Beams heated first and then loaded appeared
to have slightly lower maximum bending strength than those loaded first
and then heated.

Langley Aeronauticel Leboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 5, 1957.
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APPENDIX A
TEST SETUP AND INSTRUMENTATION

Test Setup

An overall view of the test setup is shown In figure 1. A four-
point loading system was used to produce a pure bending moment in the
center section of the specimen. Vertical loads were applied at the ends
of the beam by 20-kip-capacity jacks which were actuated by a controlled
air-pressure system. Loeds could be increased continuously up to capac-
ity or a given load could be applied and held constant throughout large
displacements of the jacks. Constant load could be maintained by means
of a large-volume air-storage reservoir. Under constent load conditions,
change in pressure and loasd was less than O.1 percent of indicated pres-
sure for full-jack displacement. -

Applied loads were measured by Baldwin SR-4 load cells inserted in
the tensile linksge between the Jacks and the ends of the beam (fig. 1).
The applied pressure in the jacks was also measured by & strain-gage-
type pressure pickup for a check on the applied loead.

Heating of the specimen on the compression and tension skins, as
shown in figure 1, or on all four sides in the pure bending test section
was sccomplished with quartz-tube lamp radiators. Each radiator used in
this test setup heated one side of the beam and haed approximately 10 by
24 inches of radlant surface. The heating rate of the specimen was
increased by using alclad reflectors between the radistors and the cor-
ners of the beam cross section and by painting the surface with flat black
lacquer. The heating rate was nominally the same 1n all tests and averagel
about 50 Btu/(sec)(sq ft) on the specimen surface, which is equivalent to
a skin temperature rate of 100° F per second.

Thermocouples

All thermocouples were made of No. 30 iron-constantan wire. After
considerable experimentation the following procedure was adopted for use
in the test. Two small holes (0.0210-inch dismeter) were drilled through
the square-tube wall thickness about 1/8 inch apart at the desired loca-
tion of the thermocouple. Bare individual iron or constanten wires were
inserted through the holes and extended out through the ends of the tubes.
The ends of the wires were peened into the outer surface of the beams so
as to meke a double junction of iron to sluminum and aluminum to constan-
tan. This type of installation in effect measured the average temperature
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of the wall between the two holes. Each bare wire inside the tube was
insulated with fiber glass sleeving.

This method of installation was selected because it avoided the
possibllity of poor physical contact sometimes encountered when a welded.
thermocouple bead is peened into a hole. The  dual instellation could be
checked electrically for poor contact, whereas the ususl single thermo-
couple bead would indicate electrical continuity even though the bead
was completely free of the materisl. Good electrical contact in the dusal
installaetion indicated good heat-transfer characteristics between the
thermocouple wires and the specimen. Installing the thermocouple wires
inside the beams avoided direct exposure to the radiation and prevented
overheating of the wires and subsequent errors in the indicated
temperatures.

Deflection Pickups

Beam deflection records were used to determine when buckling and
maximum strength were reached experimentally as discussed in appendix C.
Deflection messurements were obtained along the center line of the beam
by using steel rods which extended horizontally through the beam cross
section and from which aluminum U-fremes were suspended. (See fig. 1.)
The cores of linear varilable differential transformers were connected
to the bottoms of the U-fremes so that vertical motion of the beam at
the point of suspension resulited in an equal smount of displacement of
the transformer cores. Three deflection stations along the longltudinal
center line were utilized in all tests: one at the center of the test
section and one 6 and one 9 inches away Trom the center.

In order to minimize expansion of the U-frames when exposed to heat
in the uniform heating case, the portion extending inside the radiation
area was loosely wrapped with aluminum foil. As a check on indicated
deflection resulting from expansion, a heating run was made without
loading on a specimen of each size. For the sensitivity with which the
deflection gages were operated on the 5.00-inch-square tubes, deflection
indications were indiscernible during heating end for as long as 3 sec-
onds after heating, which covered the time range of most of the tests.

For the 7.50-inch-square tubes, smaller overall deflections were expected;
therefore, a grester sensitivity was used. With this greater sensitivity,
U-frame expansion from heating was measurable, and corrections had to be
made to the individuel test deflections based on peak temperature achieved
and on elapsed time after heating.
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Strailn Gages

For the tests in which skin heating was used, strain records were
used in addition to the beam deflection records to determine experimental
buckling and meximum strength as discussed in appendix C. Baldwin SR-k4
type A-9 wire strain gages were located in a longitudinal direction on
the outslde of the webs of the beams at sufficlent distances from the
heated skins to avoid excessive heating during & test. For the 5.00-inch-
square tubes, gages were located on the web center line and 1 inch above
and below the center line. For the T.50-inch-squere tubes, gages were
located on the web center line and 2 inches sbove and below the center
line. At these locations the meximum temperature rise experienced during
a test was about 50° F. A '

Any temperature rise in the materisl beneath & strain gage showed
up as an indicated tenslle strain Inasmuch as the Baldwin SR-4 type
A-9 gages were not temperature compensated. Temperature calibration of
the straln gage wes performed by installing the gage on an unrestrained
piece of 2014-T6 sluminum alloy and then heating the assembly slowly and
uniformly in a furnace. Gage output was plotted sgainst temperature rise
and a linear calibration factor of 6.95 microinches per inch tensile strain
per degree Fshrenheit temperature rise was established up to 180° F. For
this temperature calibration, a three-wire gage hookup was used so that
temperature chenges in the lead wires would not affect the gage output.

Indicated strains obtained during the beam tests were corrected for
temperature effects to give strains produced only by stress.
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APPENDIX B
MATERTAT, PROPERTIES

In order to calculste buckling and failure strengths for the beams
reported herein, material properties were required for the appropriate
temperatures, heating rates, and exposure times used in the beam tests.
Material properties of these drawn square tubes of 2014-T6 aluminum alloy
have been found previously to be quite uniform. The following properties
were found to exlst at room temperature both within any given cross sec-
tion and throughout a series of tube sizes:

Property Compression Tension
O.2-percent-offset yleld stress
With grain, ksi . . . . . . . 61.8 59.8
Cross grain, ksi . . . . . . 62.5 59.1
Young's modulus, kei . . . . . 10,700 10,500

The compression data are from reference 4 and the tension data are from
an unpublished investigation. Spot checks of the material properties of
the beams in this investigation indicated that these material properties
were within the previously mentioned limits.

Experimental stress-strain curves were not available for the rapid-
heating and/or rapid-loading conditions imposed on the beams. Tensile tests
for the materisl heated rapidly under constant load were performed in s
manner comparable to that described in reference 5. The tensile yileld
stresses obtained for a 0.2-percent-offset strain asre shown in figure 9
for a temperature rate of 100° F per second. Similar curves were obtained
for other values of offset strain. Tensile stress-strain curves at con-
stant temperature were then obtained by cross-plotting the offset-strain
data and adding a calculated elastic strain determined by using values
of Young's modulus at elevated temperature given in reference 6. Compres-
sion stress-strain curves (fig. 10) were constructed similar in shape to
the tensile curves but an allowance was made for the difference in com-
pression and tensile yield stresses at any given temperature. Compres-
sive yleld stresses were estimeted at elevated temperatures by aessuming
that the percentage reduction in yield stress at any temperature is the
same for compression as for tension.

In the present report, the secant modulus is the onlily material prop-
erty required from the constructed stress-strain curves. This material
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property is relatively insensitive to small variations in the stress-
strain curve for stress less than the yield stress. The tangent modulus
or slope of the stress-strain curve, on the other hand, may be quite sen-
sitive to small varistions in the shape of the curve. The assumption was
made in the construction of these stress-strain curves that yleld stresses
determined by rapid heating under constant load were the same as yield
stresses determined by repid loading under constant temperature. In order
for this condition to exist, the effect of exposure to temperature must
be comparasble in the two cases and the strain retes in the two cases must
be the same. Both of these requirements asre difficult to evaluate and to
control experimentally. For the beam tests reported herein, the total
test time to failure was less than 10 seconds whether the beams were
heated first and then loaded or loaded first and then heated.
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APPENDIX C
METHODS OF ANALYSIS

Determination of Average Test Temperatures

For the uniformly heated square tubes, average beam temperatures
were taken as the srithmetic average of all the thermocouple readings
around the cross section, such as are shown by the dashed lines in fig-
ures 5 and 6. For the tests in which skin heating was used, average skin
temperatures and aversge web temperatures, such as those shown by the
dashed lines in figures 3 and 4, were computed by using grephical inte-
gration of the area under the portion of the temperature curve plotied
for either the skin or the web, respectively.

Heating tests of both the 5.00-inch- and 7.50-inch-square tubes
indicated reasonable repeatabillity of average beam, skin, and web tem-
peratures, as shown in figure 11 for the 5.00-inch-square tubes. The
average temperatures are plotted as a function of the peak temperature
in the compression skin at the center of the loaded section. Thus In
subsequent tests, instead of using 10 to 15 thermocouples in each spec-
imen to determine temperature distributions, 3 thermocouples were used
end. were spaced 1 inch apart aslong the longitudinsal center line of the
compression skin. Peak temperatures in the test, as determined by the
average from these 3 thermocouples, were used in figure 11 to read the
average beam, skin, or web temperature for the 5.00-inch-square tubes.
A similar figure was used for the T.50-inch-square tubes.

A varistion in temperature exlsted through the thickness of the
hested tube walls. Calculations have indicated that, for the heating
rate, peak temperature, and thickness of sluminum used in these experi-
ments, & meximm temperature difference of 3 percent of peak tempera-
ture existed between the two surfaces of the heated wall. Inasmuch as
the exact location of the thermocouple within the thickness of the mate-
risl was uncertain and the possible error was small, measured temperatures
gt any point were taken to represent the aversge through the thickness at

that point.

Experimental Buckling .

Buckling is defined herein as the beginning of rspid growth of sinus-
oidal buckles In the compression skin of the beam, produced by the combina-
tion of bending moment and heating. The experimental determination of .
local skin buckling under these circumstances was sometimes qulte difficult.
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Buckling was determined from the test records when the indicated rate of
web bending strains, as measured by wire strain gages, or the rate of
beam deflections, as measured by transformer gages, showed a sudden change
with respect to either moment or temperature. Web strains obtained in

the tests in which skin heating was used generally showed a more pro-
nounced change then the deflections. The method of determining buckling
is based on the observation that the longitudinal compressive stiffness

of a buckled plate in the elastic range may be reduced approximately

50 percent, the reduction depending upon edge conditions of the plate.
(See, for example, ref. 7.) This reduction in longitudinsl compression
stiffness is even greater when buckling occurs at stresses above the pro-
portional limit of the material. Reduction of the stiffness of the com-
pression skin after buckling changes the beam into an unsymmetricel struc-
ture. Continued symmetrical heeting of en unsymmetrical beem will produce
beam bending as the tension skin expands more then the buckled compression
skin. Thus, wlth heating, the beam deflectlions grow at a faster rate after
buckling then before buckling, end strain rates change at the transition
from symmetrical to unsymmetrical beam behavior.

Theoretical Buckling

Buckling at constant tempergture.- The theoretical buckling stress
for the skin of a square-tube beam loaded in bending is given by the
following plate-buckling equatlon:

__ <kaBnE  1\2
A )

- M

A stability analysis of a uniformly heeted plate structure which takes
intc account the rotationel restraint supplied to the side edges of the
skin by the webs of the beam, such as in reference 8, yields a value for
the buckling coefficient k of 5.32 which is independent of material or

temperature.

Buckling due to thermal stress.- For the skin heated beams, buckling
can occur as & result of the thermal stresses which develop because of
the temperature difference between the skins and webs. These thermal
stresses can be evaluated by satisfying the conditions of equilibrium
end continuity. The total longitudinal strain at any point in the cross
section can be expressed as .

et = = + T - Tp) (c2)

g
Es
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from which

o = Egleg - alT - To)] (c3)

Compressive stresses and strains were teken as negative and tensile
stresses and strains were taken as positive. Because thermal stresses
are self-equilibrating, equilibrium of forces requires that

fcrdA:O (ck)

Symmetrical heating of a symmetrical structure produces no bending defor-
mation; therefore, the total strain must be a constant at every point,

€ = Constant (c5)

Algebraic solution of equation (C3) for the thermal stress, subject
to the conditions of equations (C4) and (C5), can be obtained only if the
temperature distribution, the secant modulus, snd the coefficient of
expansion are expressed as known functions of the cross section and
strain. However, numerical solubtlons can be obtained after subdividing
the structure into a finlte number of incremental areas for each of which
an average temperature can be obtalned, and then values of Eg and «

can be obtained for these temperatures and stralins. When this method and
the temperature distribution given in figure 3 for the skin heating of a
5-inch-square tube were used, a numerical solution for the thermsal-stress
distribution was made by dividing the quadrant of the beam into 16 equal
increments. Values of Eg were obtained from figure 10 and velues of o
were obtained from reference 3. The resulting thermal-stress distribution
is plotted in figure 12 as the solid curve which was drawn through the

16 incremental points.

If the temperature distribution in figure 3 is idealized as a con-
stant tempersture in the skin equal to the average value Tg and & con-
stant temperature in the web equal to Ty, a direct solutlon for thermal

stress 1s obtalned.
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Equations (C3) and (Chk) become

og = ES[%t - as<Té - T°ﬂ (c6e)
oy = Ew[et - aw(fw - To)jl (céb)
fad.A:o‘SAs+cWAw=O (c7)

Eliminating the constent straim ey and solving for the thermal stress
in the skin give

-GES(-"ES - TW) (c8)
EgAg

1+ ==

Og

This expression is equally valid for plastic or elastic stresses. Secant

moduli used for plastic stresses must be evaluated at stresses related by

equation (C7). The coefficient of thermsl expansion o 18 evaluated over
the range of temperatures between Tg and Ty.

The thermal-stress distribution given by equations (CT7) and (C8) and
corresponding to the ldealized constant-skin, constant-web temperature
distribution is shown in figure 12 by the dashed line. The web and skin
loads are spproximstely the same as those given by the analysis which
uses the more precise temperature distribution.

If the skin heating continues wntil a sufficiently large temperature
difference occurs between skins and webs, the thermal stress developed
causes locel buckling of the skin without any external load. The magni-
tude of the stress required to buckle the skin thermally can be determined
from equetion (Cl). However, the value of k must be determined for
sultable boundery conditions.

For the assumed rectangular temperature distribution 1ln the square
tube, the skin can be assumed to be a long plate uniformly compressed
with the side edges supported by long plates uniformly stressed in ten-
sion by the same megnitude of stress. A stebllity analysis of such a
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structure was made by following the procedure of reference §. Buckling
occurs when the sum of the stiffnesses of the compressed skin and the
tensile-loaded web is zero. The buckle wave length in the skin and in
the web must be the same and the msgnitude of the stresses must be the
seme for & square tube with equal skin and web thicknesses. Stiffnesses
for the compressed plate sre tabulated in reference 10 as a function of
buckle wave length and stress. Stiffnesses for the web plate loaded in
tension were calculsted with the use of equation (A48) of reference 9.
When the foregoing asnalysis was made, the increased stiffness of the
tensile plates resulted in a value of k = 5.59 for the skin, if Young's
modulus was assumed to be the same for the skin and the web. Because

the skin is at a higher temperature than the web, Young's modulus for the
skin is less than that for the web and results in a grester difference in
stiffnesses and & slightly higher value of k, depending upon the modulus
chenge. Calculations based on this analysis give the varistion of k
shown in figure 13 for thermal buckling of the skin of a square tube of
2014-T6 aluminum alloy &t various skin temperatures when the web tempera-
ture is as shown in figure 11.

The thermal-buckling solution is obtained by equating equation (Cl)

and equation (C8), assuming a value for k slﬁ?htly greater than 5.59,
T

s - TW), reading a better
value of k from figure 13 at Té, and then repeating the process untll
k and Eé are consistent with one another.

computing the resulting temperature difference T,

Buckling due to combinations of bending and thermal stress.- For
buckling under a combination of bending and skin heeting, the value of
the skin buckling coefficient k should be between the pure bending end
point of 5.32 end the thermal end point which will be greater than 5.59.
If a linear variastion in k with skin temperature between the end-point
values is assumed, the correct value to use for combined bending and
thermal buckling is given by the followlng equation:

Ty - 8
k=532 + | ————— (k.bhemal - 5-52) (c9)
TS,cr - &

Buckling will occur when the combination of skin stress due to bending
and skin stress due to skin heating is equal to the buckling stress
calculated by uesing k from equation (C9). Thus at any given skin tem-
perature, the buckling stress and the thermal stress can be determined,
and the difference must be supplied by bending load stress in order to
produce skin buckling. Then
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o = o . aEs(TS - Tw)
B.” “er
1 4 5%

Eyehy

(c10)

which is given as equation (2) in the section entitled "Results and
Discussion.”

Failure

The experimentally observed results at fallure are discussed in the
section entitled "Results and Discussion." An expression for the moment
carried st fallure can be obtalned by summing the moments caerried by the
skins and the webs. The moment calculation 1s based on stress distribu-
tlions developed as follows.

The aversge stress carried by a compressed plate at failure was
expressed in reference 11 as

o = -1.60 Esccyg-ss—) (c12)

The coefficient 1.60 contains the term WE' and was evalugted from a com-
perison with plete tests In compression in which most of the plates had
a buckling coefficient of about 4. For the bending tests in which uni-
formly heated beams were used, the buckling coefficlent is 5.352 and some
modification of the expression for og i1s necessary; thus assume that

k {t
og = '1'60\,4._0_0" {Esccy(gi) (c12)

Therefore, taking moments about the tension skin gives for the skin at
failure )

Mg = 1.84 EsUcytsebw (c13)
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Examination of the strains in several integral-web beams indicated
that the compression edge of the web reached the yleld stress prior to
faillure of the beams. Even though a neutral axis shift occurred because
of the buckling of the skin, an expression for the moment carried by the
web, which agreed with the results of the tests at room temperature of
this paper as well as with previous test results, was found to be

My = % Sy DUty (c1b)

This moment equation assumes that the neutral axis remains at the center
of the web and the stress distribution is partially plastic, with the
extreme fiber stress equal to the yield stress.

When equations (C13) and (Cl4) are combined, the failure moment for
the beam can be written as

Me = 1.84\[Bgooytg by + 0.4000 by by (c15)

The secant modulus for the skin is evaluated at a stress given by equa-
tion (Cl2). Substitubing the actual beam dimensions into these equa-

tilons and using material properties at the appropriate temperatures permit
the curves of failure moment shown in figure 8 to be calculated.
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TABLE I.- EXPERIMENTAL COMBINATIONS OF BENDING MOMENT

AND TEMPERATURE THAT PRODUCE BUCKLING AND FATIURE

I:Sq_ua:.'e-tube beams of 2014-T6 aluminum alloy; temperature rate, 100° F per second]

Buckling Feilure
Beam Bequence of
loading and heasting Moment;, -fs,% TW,°F Moment, is,or Tw,°F
in-kips in-kips
Outside width, 5.00 in.; wall thickneas, 0.154 in.
1 | Room temperature 215.8 &0 80 268.6 & 8
2 | Uniformly heated, then losded| 178.6 463 163 187.5 163 163
3 | Uniformly heated, then loaded| 213.4% 355 %55 227.8 355 355
% | Losded, then uniformly heated| 188.0 k55 455 188.0 k7l Lk
5 | Loaded, then uniformly heated | 230.6 30k 30k 230.6 380 380
6 | Loaded, then skin heated 179.2 276 98 179.2 579 151
T | Loaded, then skin heated 21k .4 208 8 2ak.y k&g 132
8 | Loeded, then skin heated 244.8 1oL 82 24%.8 307 102
9 | Skin heated, then loaded 31.0 587 169 180.0 57T 185
10 | Skin hested, then loaded 8.0 Lkos 158 198.0 495 158
11 | Skin heated, then loaded 3.1 370 121 222.0 364 125
12 | Skin heated, then loaded 172.1 252 | 106 23k} 250 1
Outside width, 7.50 in.; wall thickness, 0.152 in

13 | Room temperature 234.0 80 80 y71.0 80 80
14 | Uniformly heated, then loaded | 205.k% 623 623 268.6 623 623
15 | Uniformly heated, then loaded (a) yr7 Y77 395.2 ¥r7 ¥r7
16 | Uniformly heated, then loaded | 241.0 320 320 464.0 316 316
17 | Loaded, then uniformly heated | 2%8.8 & 8o 280.0 610 610
18 | Loeded, then uniformly heated | 293.0 & & ko2.0 423 423
19 | Loaded, then skin heated 220.0 172 87 220.0 (a) (=)
20 | Loaded, then skin heated 251.0 & 8 346.8 529 137
21 | Loaded, then skin heated 238.2 & kOL.0 405 19
22 | Skin heated, then loaded bo.o 393 108 335.0 600 128
23 | Skin heated, then loeded 9.0 394 108 351.8 576 156
2k {Skin heated, then loaded bs.0 389 122 390.0 Ly6 129
25 | Skin heated, then loaded 8.2 309 112 k3.0 320 123

BNot determined because of equipment malfunction.
bBeam buckled during heating prior to loading.
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Figure 1.- Pest setup for applying bending loads and rapid heating on square-tube beams.
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- Figure 2.- Typical longitudinal temperature distribution for compression

skin of square-tube beams made of 2014-T6 sluminum slloy and heated
at a temperature rate of 100° F per second.
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Figure 3.- Typical cross-sectional temperature distribution for
5.00-inch-square-tube beams mede of 2014-T6 aluminum alloy and skin
heated at & temperature rate of 100° F per second.
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Figure 4.~ Typical cross-sectional temperature distribution for
T7.50-inch-square-tube beams made of 2014-T6 aluminum elloy and skin
heated at & temperature rate of 100° F per second.
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Figure 5.~ Typical cross-sectional temperature distribubtlion for
5.00-1nch-square-tube beams made of 2014-T6 aluminum alloy and
uniformly heated at a temperature rate of 100° F per second.
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Figure 6.- Typical cross-sectional temperature distribution for
T.50-inch-square-tube beams mede of 2014-T6 aluminum alloy and
uniformly heated at & temperature rate of 100° F per second.
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Figure T7.- Effect of transient heating on the buckling strength of
square-tube beems made of 2014-T6 aluminum alloy. Temperature rate,

100° F per second.
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Figure 8.- Effect of transient heating on the meximum strength of square-
tube beams made of 2014-T6 aluminum alloy. Temperature rate, 100° F

per second.
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Figure 9.- Varlation of tensile yield stress with temperature for
2014-T6 eluminum alloy heated at & temperature rate of 100° F per
second.
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Figure 10.- Constructed compression stress-strain curves taken to be
representative of 2014-T6 aluminum alloy when heated at a temperature
rate of 100° F per second.
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Figure 1ll.- Average temperstures of skin end web as a function of peak
skin temperature for heating at a temperature rate of 100° F per °
second.



NACA TN L4205 37

40
Equation(C3) with 16 elements
Equation (C8) with 2 elements l_\
20 [ v
|
[
[
Thermal sfress, ksi =
|
!
(o]

Web Web Web—skin Skin Skin
¢ Junction ¢
-405 = 242 484

Cross-sectional peripheral distance, in.

Figure 12.- Calculated thermal-stress distribution in one quadrant for
a 5.00-inch-square tube subjected to skin heating.
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Figure 13.- Variation of skin buckling coefficilent with temperature for
thermal buckling of a square tube of 2014-T6 aluminum alloy.
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